We present precise U-Pb age determinations from two volcaniclastic layers within Middle triassic carbonates in the Upper Austroalpine silvretta nappe near Davos (switzerland). the two volcaniclastic layers were dated using annealing-leaching techniques and yielded ages of 240.91 ± 0.26 Ma (Prosanto Formation) and 239.89 ± 0.21 Ma (Altein Formation), respectively. the high resolution ages allow comparison of the Upper Austroalpine record of the Ducan with sections in the southern Alps. the upper Prosanto Formation is, thus, equivalent to the middle part of the buchenstein Formation (Middle Pietra Verde, Earliest Ladinian), and the Altein Formation is equivalent to the upper part of the buchenstein Formation in the section with the Global boundary stratotype section and Point (GssP) for the base of the Ladinian (bagolino, northern Italy). this study demonstrates that we can use precise, accurate and carefully intercalibrated U-Pb zircon ages from volcaniclastic layers to infer the stratigraphic position of their host sediments on zone level. the older volcaniclastic layer (240.91 ± 0.26 Ma) allows a precise age determination (earliest Ladinian) for the marine vertebrate beds in the upper Prosanto Formation.
Introduction
triassic sediments form the major part of the Austroalpine and south Alpine units of Austria, south eastern switzerland, and northern Italy and have been intensively studied and discussed since the classical works by geologists of the "Kaiserlich-könig-liche geologische reichsanstalt" (Geologische bundesanstalt) in Vienna at the end of the 19 th century. Anisian/Ladinian carbonate platforms and basins characterize the Austroalpine and south Alpine realm. the basins are filled with siliciclastic and carbonate sediments, which often are organic carbon-rich and indicate dysoxic to anoxic conditions. some of these basinal sediments are classical fossil lagerstaetten with extraordinary well-preserved marine fish and reptile fauna (bürgin et al. 1992) . the basinal units seem to be heterochronous, but a general deepening trend between the different basins from west to east, respectively north to south towards a hypothetical Vardar-Meliatha-Hallstatt Ocean is observed (Dercourt et al. 2000) . the deeper and more open-marine basins contain a rich ammonoid and conodont fauna and a detailed biostratigraphy has been established (tollmann 1976, brack & rieber 1993, brack et al. 2005) . the more landward or proximal basins were restricted from open seawater and usually do not contain index fossils. Due to the lack of age data from these more restricted sedimentary units, conclusions on the tectonic and paleoceanographic evolution, and the large scale palecology of the different environments within the Austroalpine and south Alpine area during the Middle triassic remain speculative.
We present U-Pb zircon age data from two volcanic ash layers that occur within finely laminated intraplatform basinal limestones in the Upper Austroalpine silvretta nappe (Graubünden, switzerland) , and more precisely, in the Middle U-Pb zircon age of volcaniclastic layers in Middle triassic platform carbonates of the Austroalpine silvretta nappe (switzerland) triassic Prosanto Formation and 80 m higher in the section, in the Altein dolomite platform, respectively. Even though index fossils seem to be almost absent, high-precision U-Pb data from zircons prepared by thermal annealing-chemical leaching techniques (Mattinson 2005) allow for the first time a correlation at substage and, respectively, zone level intervals between the silvretta nappe and corresponding sections in a different Austroalpine unit (Lechtal nappe) in the northern calcareous Alps and with units in the southern Alps.
The Triassic of the Eastern Alps
triassic sediments form the most important lithological units in the Eastern Alps between Vienna at the eastern end, and the silvretta nappe in eastern switzerland (Graubünden). they form an important part of the Lechtal nappe (western unit of the northern calcareous Alps), at the border between Austria and switzerland ( Fig. 1) . In Graubünden, a complex of allochthonous units of basement rocks and their Mesozoic sedimentary cover form the Upper and Lower Austroalpine nappes (trümpy 1980) . Despite the low metamorphic grade and the high degree of tectonic deformation, regional stratigraphic studies have allowed the reconstruction of composite lithostratigraphic columns (Furrer 1985) , but proposed palinspastic or paleogeographic reconstructions are largely hypothetical (Frank 1986) . Age diagnostic fossils such as ammonoids or conodonts are rare. the triassic in the Upper Austroalpine nappes of Graubünden is up to 2000 meters thick, whereas the same formations in the Lower Austroalpine nappes show a reduced thickness of just a few hundreds of meters. the thickest stratigraphic sequences are exposed in the silvretta nappe near Davos and in the s-charl nappe south of Zernez, belonging to different Upper Austroalpine tectonic units.
the Middle and Late triassic sediments of the Austroalpine nappes have strong analogies to time equivalent strata in the south Alpine areas, interpreted to have formed a common ancient domain, the so called "Alpine triassic" on the continental shelf along the north-western tethys. the Upper Austroalpine nappes of Graubünden seem to fit best with the north-western northern calcareous Alps in Vorarlberg (Western Austria) and the western southern Alps in ticino (southern switzerland) and Lombardy west of the Grigna mountains (northern Italy).
The studied stratigraphic section in the Upper Austroalpine Silvretta nappe the most complete section of the studied area is exposed in the Ducan region between Davos and bergün (Fig. 2; Eugster 1923 , Eichenberger 1986 , Furrer et al. 1992 (Ouwehand 1984) . the trochitendolomite is the upper member of the Ducan Formation, rich in crinoid sclerites. cornieules indicating a regression at the base of the s-charl Formation are overlain by a lagoonal sequence of shallowing upward carbonate cycles. the overlying Vallatscha Formation consists of dolomitic carbonate sands with a shallow marine, mainly lagoonal fauna and flora (dasycladacean algae).
thin bedded dark lime-and marlstones with slumping structures and layers of flat pebble conglomerates and calcareous turbidites are typical for the Prosanto Formation. this interval contains several beds with well preserved vertebrates, mainly actinopterygian fish and marine reptiles (bürgin et al. 1991 (bürgin et al. , Furrer 2004 . Until now, approximately 20 actinopterygian taxa and three reptilian (nothosaurian, pachypleurosaurian, and protorosaurian) have been identified, and show analogies with the classical vertebrate beds from the Latest Anisian and Early Ladinian at Monte san Giorgio in the southern Alps. the vertebrate fauna must have been preserved in stagnant abiotic, probably anoxic bottom water conditions of a small restricted intraplatform basin. Dasycladacean algae are common allochthonous elements in these sediments, with Diplopora annulata as a typical species. At the top, regularly laminated limestones and dolomites grade into lagoonal dolomitic carbonates of the Altein Formation. these shallow marine carbonates contain abundant dasycladaceean Diplopora annulata.
the dominant carbonate sediments in the Middle triassic of the silvretta nappe are often interbedded with thin dark marlstones, suggesting a periodic influx of very fine siliciclastic material from an eroding continent. several layers of carbonate-free shales, siltstones and sandstones show a conspicuous greenish to yellowish colour. they were found to be of volcaniclastic origin (discussion follows) and contain prismatic-euhedral zircon. some of these layers are very thin and only visible in fresh outcrops, but thicker volcaniclastic beds are laterally traceable marker beds; e.g. in the Altein Formation.
Dolomite as well as evaporitic sediments (Mora cornieule) at the base of the Mingèr Formation are signs of an important regression. the upper part of this unit consists of stromatolitic peritidal dolomites and marls, interrupted by the siliciclastic marker bed of the cluozza Member at the base of the Fanez Formation (Frank 1986 ). based on palynological evidence, this interval could be assigned to the Early carnian (Julian) (Hochuli & Frank 2000) .the cluozza Member can possibly be correlated with the rheingrabner Wende in the northern calcareous Alps (schlager & schöllnberger 1974) , dated as Late Julian by conodonts (Hornung 2006 ). Intertidal dolomites with a level of gypsum lenses (stuls Member) and karstic collapse breccias (Valbella breccia) document further regressions in the Late carnian. the Latest carnian to norian Hauptdolomite is dominated by shallow water platform carbonates with rapid variations in thickness and facies over short distances: more than 800 m of sub-and intertidal dolomites with megalodontid bivalves at the south-western side (Gipshorn); less than 75 m of dolomites, breccias and soil horizons at the north-eastern side (chrachenhorn and Alplihorn) over a distance of only 2 km, possibly due to differential subsidence along a synsedimentary fault (Furrer et al. 1992) . At the end of the triassic (norianrhaetian), fine-grained siliciclastic sediments of the Kössen Formation were deposited in shallow basins, bordered by coral buildups, lagoons and tidal flats. cyclic shale-marlstone-alternations typical of the basal member are frequently interbedded with biostromal coral banks. Locally thick reefal limestones and lagoonal limestones with megalodonts and the rhaetian foraminifer Triasina hantkeni form thick lenticular carbonate bodies in the upper part of the Kössen Formation.
U-Pb zircon geochronology
Rational and analytical techniques U-Pb age determinations utilizing isotope dilution thermal ionization mass spectrometry (ID-tIMs) applied to single grains of zircon yields the most precise and accurate results for dating volcanic ash layers and tuffs in stratigraphic successions (e.g. Mundil et al. 2001; Mundil et al. 2004; condon et al. 2005) . We assume that the zircon crystallization age closely approximates that of the volcanic eruption and ash layer deposition. Zircon is the preferred mineral for precise and accurate dating because it has the lowest diffusion coefficients for Pb (cherniak & Watson 2001 ) and the highest resistance against post-crystallization system disturbances. nevertheless, complications in getting precise and accurate zircon ages may arise from post-crystallization Pb loss and the incorporation of old cores acting as nuclei during crystallization, -or more generally -of foreign Pb with a radiogenic composition indicative for a pre-ash depositional age. to minimize the probability of inheritance only single zircon grains are selected for analyses, after microscopic inspection in transmitted light. Following the chemical abrasion (cA) technique of Mattinson (2005) , all grains were subjected to high temperature annealing and HF leaching procedure, which recently proved to be more efficient in elimination of discordance caused by Pb loss . theoretically, successful application of cA technique ensures "closed system" behavior of the residual zircon and thus single grain analyses yielding a tight concordant cluster of Pb/U ages with precisions better than 0.1%. complications may arise from small sample sizes, relatively low concentrations of U and young ages, resulting in low amounts of radiogenic Pb for analysis. this requires low analytical blanks and a good control on the blank isotopic composition.
Analytical techniques
Zircons were prepared by standard mineral separation and purification methods (crushing and milling, concentration via Wilfley table or hand washing, magnetic separation, and heavy liquids). thermal annealing was performed by loading 20-40 zircon grains in quartz crucibles and placing them into a furnace at 850 °c for approximately 48 hours. the leaching step (chemical abrasion) was done in 3 ml screw-top savillex vials with concentrated HF, placed in an oven at 180 °c for 15 hours. After the partial dissolution step the leachate was completely pipetted out and the remaining zircons were rinsed in 6n Hcl, 4n HnO 3 and ultrapure H 2 O. single zircons were selected, weighed and loaded for dissolution into pre-cleaned miniaturized teflon vessels. After adding a mixed 205 Pb-235 U spike zircons were dissolved in 63 µl concentrated HF with a trace of 7n HnO 3 at 180 °c for 7 days, evaporated and re-dissolved Isotopic analysis was performed on a tritOn mass spectrometer from thermo/Finnigan equipped with a Mascom 19-dynode electron multiplier backed by a digital ion counting system. Linearity of the multiplier was established using the srM987 standard solution (strontium) and controlled by U500 and Pb srM982 measurements. Mass fractionation effects were corrected for 0.11 ± 0.05 per a.m.u. both lead and uranium were loaded with 1 µl of silica gel-phosphoric acid mixture (Gerstenberger & Haase 1997 ) on outgassed single re-filaments, and Pb as well as U (as UO 2 ) isotopes measured sequentially on the electron multiplier. total procedural common Pb concentrations were estimated at values of 0.6 ± 0.2 pg and corrected with the following isotopic composition: 206 Pb/ 204 Pb: 39.29 ± 0.15% (all 2σ uncertainties). common lead concentrations in excess of blank lead were corrected for using the model of stacey & Kramers (1975) . the uncertainties of the spike and blank lead isotopic composition, mass fractionation correction, and tracer calibration were taken into account and propagated to the final uncertainties of isotopic ratios and ages. the PbMacDat program (coleman, unpubl.) was used for age calculation and error propagation, which is using the algorithms of Ludwig (1980) . the international r33 standard zircon (black et al. 2004 ) is dated at an age of 419.10 ± 0.23 Ma (n = 17). Mean 206 Pb/ 238 U ages are given at the 95% confidence level. Ellipses plotted in concordia diagrams represent 2 sigma uncertainties (Ludwig 2005) . the average concordant points of both samples are situated within the U decay constant uncertainties, but below the concordia line; this is in agreement with the findings of schoene et al. (2006), suggesting that one or both U decay constants are systematically biased.
Dated volcaniclastic layers
two ash layers in the well exposed section EsE of Ducanfurgga have been sampled for radio-isotopic dating (Fig. 3) . the older layer (DUcAn-I) in the upper part of the Prosanto Formation is only 10-15 mm thick and interlayered between dark laminated limestone beds, rich in well preserved small fish. the ash layer yields irregular patches or lenses of silt with zircon crystals of 0.1 mm length (Meister 1999) . the second volcaniclastic layer (DUcAn-II) is 25 cm thick and is a yellow weathering marker bed in the upper part of the Altein Formation. It is the upper bed of the so called "double tuffs" (Frank 1986 ), forming the thickest of several ash layers consisting of illite, chlorite, biotite, volcanic quartz, sanidine and other feldspars, interpreted by Frank (1986) as originating from alkali rhyolite magmas.
Results (analytical data in table 1)
DUCANI: Prosanto Formation: U-Pb isotopic data of five out of six prismatic zircons (Fig. 4a) are concordant within analytical error and uncertainty of the U decay constants, and define a weighted mean 206 Pb/ 238 U age of 240.91 ± 0.26 Ma (MsWD = 0.28), which we consider the best estimate for the age of these zircons (and inferentially the deposition of the ash bed). Analysis 3 is discordant at a 206 Pb/ 238 U age of 249.3 Ma, pointing to an inheritance of probable Variscan age.
DUCANII: Altein Formation:
Analysis of seven prismatic zircons crystals yielded a reproducible and concordant result with (Fig. 4b) .
Significance of the new age determinations
the precise age determinations agree with their stratigraphic succession and allow the stratigraphic age difference between the two volcaniclastic layers to be resolved. Eichenberger (1985) and Furrer et al. (1992 Furrer et al. ( , 1995 . the time interval bracketed by these two volcanic ashes is 1.02 ± 0.47 m.y., indicating an average sedimentation or accumulation rate of 80 m/m.y., a reasonable value for lagoonal and platform carbonate sedimentation (schlager 1999). It is obvious that the accumulation rate in such an intra platform depression was higher than in the basinal sediments of the buchenstein Formation in the western and central Dolomites with values around 8 m/m.y. (brack et al. 2007 ).
Correlation within the South Alpine and Austroalpine units
Our data allow a direct correlation of the upper Prosanto Formation and Altein Dolomite within the Upper Austroalpine silvretta nappe with the section at bagolino (Eastern Lombardy, northern Italy), containing the Global boundary stratotype section and Point (GssP) for the base of the Ladinian stage (brack et al. 2005) . this and correlated sections are calibrated by numerous U-Pb age determinations from different laboratories (see discussion in brack et al. 2005, 2007) . When comparing our new annealed-leached U-Pb age determinations, we have to refer to the data of brack et al. (2007, Fig. 11 ) obtained with refined annealing-leaching technique. considering an age of 242 Ma to be correct for the base of the Ladinian stage in the GssP section at bagolino, we can infer an earliest Ladinian age for the upper Prosanto Formation, which is therefore a time equivalent of the middle part (in particular the Middle Pietra Verde) of the southern Alpine buchenstein Formation (Fig. 5) . the Altein Formation was deposited in the early Ladinian as well and we tentatively correlate it with the upper part of the buchenstein Formation. Despite the high precision of the U-Pb age determinations, it is not possible to indicate the biozone, as the zonation in the early Ladinian is still under discussion (brack et al. 2007) based on the new age constraints, the upper Prosanto Formation and the Altein Formation are also time equivalents of the san Giorgio Formation and the lower Meride Formation at Monte san Giorgio (Wirz 1945 , Furrer 1995 , because the Anisian-Ladinian boundary could be localized in the uppermost part of the underlying besano Formation (brack et al. 2005 , Fig. 7) . A volcanic ash bed in the middle part of underlying besano Formation (Grenzbitumenzone) yielded a U-Pbzircon-age of 241.2 ± 0.8 Ma (Mundil et al. 1996 (Mundil et al. , brack et al. 2005 three vertebrate faunas in the lower Meride Formation (cava inferiore, cava superiore and cassina beds, Furrer 1995) . A thick volcaniclastic layer in the cava inferiore beds from Val serrata was dated by Hellmann & Lippolt (1981) to an age of 225 ± 2 Ma (Ar-Ar-age on sanidine), the precision and accuracy of which would have to be reassessed. the occurrence of several specimens of the ammonoid Arpadites sp. below and above the Val serrata volcaniclastic layer at Monte san Giorgio (schatz 2005, and new material collected by H. Furrer, determined by H. rieber) correlates with Arpadites specimens below and above the dated volcaniclastic layer (Earliest Ladinian) in the buchenstein Formation in the GssP section at bagolino (brack et al. 2005 , Fig. 7) .
the volcaniclastic layer in the Altein Formation is older than the U-Pb-zircon-age of the Predazzo granite, cutting the Ladinian buchenstein and Wengen Formations (minimum age 237.3 + 0.4/-1.0 Ma in brack et al. 1997) .
the correlation of the Middle triassic sequences of the silvretta nappe and the northern calcareous Alps, both deposited in the Upper Austroalpine realm, is difficult because good index fossils or marker beds are missing. the reifling beds of the western Lechtal nappe have been placed at the Anisian-Ladinian boundary by means of rare and incorrectly determined brachiopods, daonellas, ammonoids and conodonts (Hirsch 1966 , Kobel 1969 . A first U-Pb age of 239.3 ± 0.2 Ma for a volcaniclastic layer in the upper reifling beds at Flexenpass (Austria) by brühwiler et al. (2007) allows a good correlation with the volcaniclastic layers in the silvretta nappe. As the volcaniclastic layer in the upper Altein Formation is somewhat older than the dated volcaniclastic layers in the upper reifling beds, the basinal reifling beds are at least in part age equivalents of the lagoonal Altein and Prosanto Formation.
Conclusions
the new U-Pb ages of 240.91 ± 0.26 Ma and 239.89 ± 0.21 Ma from two volcaniclastic layers within the carbonate platform sequence in the Ducan area provide the opportunity to (1) precisely constrain an interval of carbonate sedimentation, (2) infer the stratigraphic position of these fossil-poor rocks, and (3) compare the studied section to other time-series records in Austroalpine or southalpine units. because available ages for different sections are usually produced in different laboratories (using different UPb tracer solutions), testing their accuracy in an absolute and relative time-frame requires high-precision intercalibration between the different laboratories (see condon et al. 2005) . Furthermore, testing the accuracy and significance of these dates in terms of the paleontologic, biostratigraphic and paleo-environmental record requires the intercalibration of multiple well-calibrated marine sections, preferably including the GssP of this time period. Intercalibration of stratigraphic sections using a combination of geochronologic, bio-, chemo-and lithostratigraphic techniques is the best way to infer absolute rates of sedimentary, environmental and biotic processes in Earth's history.
the precise age determination of the volcaniclastic layer in the upper Prosanto Formation (Earliest Ladinian) documents that its rich marine vertebrate fauna is definitively younger than the classical fauna of the besano Formation (Latest Anisian to Earliest Ladinian) at Monte san Giorgio, though they share some fish taxa. but it is not yet clear whether the fauna from the upper Prosanto Formation is a time equivalent of the three vertebrate faunas in the lower Meride Formation. A new U-Pb age determination of the thick volcaniclastic layers in the cava inferiore beds could resolve this problem.
Acknowledgements
Field work and radio isotopic age dating of the two volcaniclastic layers were granted by the government of canton Graubünden. Financial support of the Geneva isotope lab through the swiss national science Foundation is acknowledged. We thank Hans rieber (Zürich) for the determination of some ammonoids, Peter brack (Zürich) for critical comments on a former version of the manuscript and the reviewers Fernando corfu (Oslo) and Urs Eichenberger (Villiers) for the improvement of the submitted manuscript. Gail Lee Arnold (bremen) brushed up the English. Drawings by Andreas baumeler (Zürich) and Marius Hublard (Ilanz) were sponsored by Max Kuhn (Uster). (2007) suggested that the old U-Pb ages of 4 and 5 (in italics) measured by Mundil et al. (1996) may be approximately 1 m.y. too young due to different sample preparation techniques (see text for further explanation).
